• The study of AID 2/2 mS 2/2 mice reveals a microbiotaindependent negative feedback control of MZ and B1 cell numbers by naturally secreted Ig. 
Introduction
Immunoglobulins (Igs) participate in the maintenance of the immune system's homeostasis in many ways. For instance, IgM play a role in tissue integrity through clearance of apoptotic cells, misfolded proteins, and inhibition of proinflammatory signals; polyspecific IgGs (pIgGs) purified from plasma of healthy donors (IVIg) can be used for their antiinflammatory properties to treat patients suffering from autoimmune diseases; 1, 2 and IgA maintain gut mucosa homeostasis through the control of commensal bacteria, thereby preventing chronic inflammation. 3 Igs of different classes exert some homeostatic functions independently of their antigenic specificity through their constant regions or Fc portions that bind activating or inhibitory Fc receptors (FcRs). 4, 5 The homeostatic functions of Igs can also involve their antigen (Ag) recognition domains; maintenance of mucosal homeostasis requires somatic hypermutation (SHM) of the IgA variable regions, a process increasing their affinity for gut bacteria. 6 Other studies revealed that efficient clearance of apoptotic cells relies on Ag recognition through the formation of immune complexes (ICs) that potentiate FcR-and complement-mediated scavenger functions of innate cells. These models imply that the physiological production of Igs directed at intracellular self-Ag are necessary to avoid autoreactive T and B cells' activation by cell debris and prevent the development of autoimmune disorders. 7 At steady state, the level of serum Igs remains stable despite rapid turnover and is maintained in part by B cells that differentiate into antibody (Ab)-producing cells or plasma cells (PCs) without apparent exogenous stimuli. 8 These spontaneous Igs, referred to as natural Abs, are mainly produced by B1 cells, 9 a subset of B cells residing in the peritoneal cavity and spleen, and by marginal zone B cells (MZ), a splenic subset of B cells. 10 In keeping with models implying that some autoreactivity is required for soluble Igs to maintain tissue integrity, B1 and MZ B cells produce Igs with a repertoire of specificities biased toward self-recognition. Natural Abs produced by B1 and MZ B cells are mainly IgM, but some are switched IgGs and IgA and present some level of SHM. 8 Class switch recombination and SHM are 2 mechanisms catalyzed by the activation-induced cytidine deaminase (AID) 11 that occurs preferentially in B2 or follicular B cells, the major recirculating population found in follicles of spleen, lymph nodes, and Peyer's patches. Follicular B cells are specialized in T-dependent Ab responses against foreign protein Ag, during which they produce switched Igs of high affinity arising in germinal centers (GCs). 12 Hence, in the serum of healthy individuals, a large amount of switched Igs are produced by post-GC memory and long-lived PCs that have differentiated upon pathogen encounter or vaccination and maintain protective serum Igs over several months. 13 Mice genetically modified to impair IgM secretion through deletion of the secretory exon m s of the Ig heavy m chain (mS 2/2 ) have normal numbers of total B cells but an increased proportion of B1 and MZ B cells. 14, 15 These mice are prone to self-reactive IgG-mediated autoimmune diseases, indicating a regulatory role of secreted IgM. 16, 17 On the other hand, AID-deficient mice (AID
2/2
) producing only non-SHM IgM have increased numbers of B cells, in particular GC B cells, in spleen and gut-associated lymphoid tissues. 18 Thus, absence of soluble IgM, switched Igs, and/or SHM leads to disrupted B-cell homeostasis. Importantly, IVIg treatments of patients suffering from autoimmune disorders limit auto-reactive B-cell development, 19 further supporting that B-cell homeostasis is controlled by secreted Igs.
To study the role of secreted Igs in B-cell development and homeostasis, we generated mice devoid of 
Materials and methods
Mice, BM chimeras, and pIgG treatment AID 2/2 mS 2/2 mice were obtained by inter-crossing an AID-deficient mouse strain in which AID protein expression is abolished through the replacement of the first exon of aicda, the gene encoding AID, by the sequence encoding the Cre recombinase, 20 and mS 2/2 mice, 15 both on C57BL/6 background. Rag-2-deficient or wild-type (WT) C57BL/6 mice were bred under specific pathogen-free (SPF) conditions at the Institute's rodent facility. In some experiments, WT and AID 2/2 mS 2/2 mice were raised in germ-free (GF) conditions using caesarean section rederivation, as described on The European Mouse Mutant Archive at http://www.emmanet. org/protocols/GermFree_0902.pdf. Briefly, d 20 postcoitum donor females were euthanized and their uteri were transferred through a chamber reservoir filled with 1% VirkonS and rinsed with sterile water. Pups were extracted and transferred to the isolator with the GF surrogate mothers. The microbiological status of the isolator and the animals it houses were monitored from 3 weeks after transfer and every 3 weeks onward. Animals were studied between 6 and 12 weeks of age unless otherwise indicated. To establish BM chimeras, lethally irradiated Rag2 pIgG and mouse monoclonal anti-Thy1.1 IgG2a (clone 19E.12) (mIgG) were obtained from sera of WT mice and hybridoma supernatant, respectively, and purified by affinity chromatography using protein G columns. Mice were intravenously injected with 200 mL WT sera every other day or with 800 mg of pIgG or mIgG weekly for 4 weeks. Mouse experimental protocols were approved by the institutional ethical committee and Portuguese Veterinary General Division.
Cell count and flow cytometric analysis
Cell suspensions from spleens, BM, mesenteric LN, and peritoneal lavage were prepared in staining buffer (phosphate-buffered saline containing 2% fetal calf serum and 0.1% NaN 3 ) and pre-incubated with Fc-block (anti-CD16/CD32, produced in house). Live lymphocytes were counted by flow cytometric analysis (FACS) using 10 mm latex beads (Coulter Corp.). For FACS analyses, 1 3 10 6 cells were stained for 45 minutes at 4°C with antibodies described in supplemental 
Confocal microscopy
Spleens were snap-frozen in liquid nitrogen and 7-mm sections were cut on a cryostat. Sections were treated as previously described. 21 The antibodies are listed in supplemental Table 1 . Confocal images were acquired using a LSM 510 META laser scanning confocal microscope with a Zeiss AxioVert 200M microscope equipped with a 103 Plan Neofluar objective. Fluorescein isothiocyanate-labeled reagents were excited with a 488-nm argon laser; Cy3 conjugates were excited with a 543-nm HeNe laser; allophycocyanin, Alexa Fluor 647, or Cy5 conjugates were excited with a 633-nm helium laser. Signals from these 3 lasers were scanned separately and stored in 3 nonoverlapping channels as pixel digital arrays of 2048 3 2048. Each staining was done on at least 4 spleens per group of mice.
Reverse transcription and real-time PCR mRNA extraction, reverse transcription, and gene expression by real-time polymerase chain reaction (PCR) has been described in Mohr et al. 21 PCRs were performed on ABI 7900 HT using Taqman chemistry (Applied Biosystems). TaqMan probes and primers (supplemental Table 2 ) were designed with Primer Express computer software (Applied Biosystems, Warrington, UK) and synthesized by Eurogenetec (Liège, Belgium). Relative quantification of target mRNA was calculated by referring to b2-microglobulin mRNA levels quantified in a duplex PCR for Interferon Regulatory Factor-4 (IRF-4) and B lymphocyteinduced maturation protein-1 (Blimp-1) in Taqman Universal PCR MasterMix (Applied Biosystems, Roche). The amount of x-box binding protein-1 (XBP-1) mRNA was calculated by referring to b2-microglobulin mRNA levels measured in a different well during the same run using a QuantiTect SYBRGreen PCR kit (Qiagen). mRNA transcript levels were analyzed with Applied Biosystem's SDS software by setting thresholds determining the cycle number at which the threshold was reached (C t ) for each gene. The C t of the b2-microglobulin was subtracted from the C t of the target gene and the relative amount was calculated as 2 -DCt .
Enzyme-linked immunosorbent assay
Serum IgM and total IgGs were detected by enzyme-linked immunosorbent assay (ELISA). Nunc ELISA 96-well plates were coated overnight with 1 mg/mL anti-mouse IgM or IgGs (Southern Biotech) and blocked using phosphate-buffered saline 1% gelatin before incubation with mouse serum. After washing, peroxidase-conjugated Ab was added. Color was developed using orto-phenylenediamine (Sigma) with 30% H 2 O 2 (Merck) and the reaction was stopped using 10% SDS. Plates were read at 405 nm.
Statistical analysis
The significance of differences observed was calculated using the 2-tailed Student t test. P < 0.05 was considered significant: * P < .05; ** P < .01; *** P < .005.
Results
Exacerbated deregulation of MZ-and B1-cell numbers in Ig-deficient mice compared with mice lacking secreted IgM only
To assess the role of secreted Igs on B-cell development and homeostasis at steady state, we compared the phenotypes of adult mice raised in strict SPF conditions and presenting different abilities to produce Figure 1A ). Macroscopic examination revealed enlarged spleens and mesenteric lymph nodes (mLNs) in AID 2/2 mS 2/2 mice ( Figure 1B ).
Numbers of splenic CD19
1 IgM 1 B cells were increased ;3-fold in AID 2/2 mS 2/2 and ,2-fold in single mutants compared with WT mice ( Figure 1C ). Analysis of splenic B-cell subsets 22 revealed that Ig deficiencies do not affect the numbers of CD19 Figure 1A ). In contrast, AID Figure 3A ). This IgM hi population is CD93 Both AID 2/2 mS 2/2 and mS 2/2 mice displayed reduced numbers of T3 cells ( Figure 3C ); however, this cellular subset is defined by a IgM expression level (IgM lo CD23 1 ) that was slightly increased in all mature peripheral B-cell subsets in these animals (supplemental Figure 2B) . Thus, the increased cell numbers in AID 2/2 mS 2/2 mice are not a consequence of altered B-cell development.
Splenic GC numbers and size are equally increased in AID 2/2 and AID 2/2 mS 2/2 animals Previous studies showed that inactivation of AID or its SHM activity lead to enlarged GCs. 6, 11, 18 Immunohistology revealed that AID GC phenotype and deregulated intestinal microbiota, 18 analysis of mLN revealed a 2-million increase in GC B cells in AID 2/2 mice compared with WT animals. There were 3 times more GC B cells in AID 2/2 mS 2/2 than in AID 2/2 mice ( Figure 4D ; supplemental Figure 3B ). These results suggest that non-SHM IgM in AID lo and MZ B cells were reduced by about one-half, reproducing a distribution similar to that of WT:WT chimeras ( Figure 5C-D) . WT cells in AIDmS:WT chimera also readily corrected the numbers and proportion of mutant CD45.1 GC B cells in mLNs ( Figure 5E ) and prevented the development of Figure 4A-B) . notypes. Pooled sera collected from a large number of WT mice were either injected directly every other day (sera) or first passed through a protein G column to purify IgGs (pIgG) and injected weekly. mIgG served as a control. Treatment was initiated in 3-week-old AIDmS mice, an age at which BM and numbers of peripheral B cells were only marginally affected ( Figure 6A-B) . Administration of IgGs to AID 2/2 mS 2/2 mice restored serum IgG titers to WT levels ( Figure 6C ). Likewise, sera injections restored serum IgGs and, to a lesser extent, IgM titers ( Figure 6D spleens ( Figure 6E-F) . Sera, pIgG, and mIgG did not significantly decrease the number of splenic GC B cells; if anything, pIgG and sera seemed to increase GC B-cell numbers ( Figure 6F-G Figure 4D) . Thus, sera treatment mimics most of the effect of WT B cells.
Enlarged GCs in AID 2/2 mice are related to impaired control of the microbiota. 18 To test if uncontrolled microbiota was also the cause for the MZ/CD21 Figure 7D ), although the proportion of GC B cells remained elevated in mLNs ( Figure 7C ). The latter residual phenotype may be related to food Ag-driven GC reactions. Taken together, these data indicate that MZ and B1 cell numbers are controlled by naturally secreted Igs as result of an intrinsic property of the immune system, whereas GC development is under the indirect control of secreted Igs that limit bacterial load or species triggering GC reactions.
Discussion
Herein, we provide evidence supporting that secreted Igs contribute to a cell-extrinsic process that controls numbers and specific subset distribution of B cells at steady state, in particular by limiting MZ, B1, GC, and activated B cells. WT B cells in AIDmS:WT BM chimeras normalized total numbers of B cells, MZ, B1, GC, and activated B cells. Axenization of AID 18 or by restoring the control of the microbiota though reconstitution of IgA production in the lamina propria. 29 Mice carrying a point mutation in Aicda that reduces its SHM activity but not its ability to promote class switch recombination have normal levels of serum and fecal IgA. These mice develop hyperplasic GCs. 6 Overall, these studies indicate that SHM IgA are the antibodies that ensure gut microbiota homeostasis and indirectly control GC B cells. Our data support a major role for IgA in limiting GC development at steady state. WT mice partially compensates for the lack of SHM IgA, likely by clearing components of the microbiota and limiting B-cell activation and GC formation. However, the effect of non-SHM IgM on GC Bcell numbers was not seen when we compared mLNs of AIDmS:AID, where IgM levels are not above normal, and AIDmS:AIDmS mLNs; these 2 types of chimeras had similar numbers of GC B cells. These data suggest that only large amounts of non-SHM IgM can control the microbiota in the absence of switched Igs. Besides limiting the microbiota, non-SHM IgM may also limit the number of GC B cells by competing with their B cell receptor (BCR) for Ag ligation and increasing their susceptibility to apoptosis. 31 It was also proposed that AID constrains GC size through a B-cell-intrinsic mechanism that increases their susceptibility to apoptosis and is essential for B-cell selection. 32, 33 Our results with GF AID BLOOD, 11 JULY 2013 x VOLUME 122, NUMBER 2 Ig SECRETION-DEPENDENT CONTROL OF B-CELL NUMBERS 215 43 Sensing of both IgM and IgA by MZ and B1 cells, or their precursors, could also involve Fca/mR, a common receptor for these two classes expressed by B cells. 44, 45 Our finding that IgM and likely IgA are ensuring Ig-mediated homeostatic control of MZ and B1 cells, both cell types providing natural antibodies and the first line of immune defense, should inform on how to improve Ig-based therapies for the treatment of immunodeficiencies and autoimmune diseases. Conflict-of-interest disclosure: The authors declare no competing financial interests.
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